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ABST~~ CT

In a series of eight experiments we investigated the use
of high explosives to Interrupt electric current by fast—opening
switch mechanisms. The conducting link in seven of the experi-
ments was a g].ass—11.ned plasma—filled cavity that was closed
explosiveLy. In the eighth experiment a foam—metal link was
driven into the liquid—vapor phase and expanded into a ceramic
cavity. Resistance increases and resultant voltage spikes that
corresponded In time with the particle velocities of the col-
lapsing walls were obtained. However, unknown hIg1i~r istance
paths prevented voltage gradients greater than Q~

5_iO V/rn.
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Introduction

Ongoing programs at ERDA laboratbries will require the
interruption of large ( i .e . , .t e n s .of;.s ’M .A) . cyr ren ts  in periods of
a few microseconds or less.  ThI~s’ mechan izat ion , known as an
“opening switch” or “fuze , ” pr .oduces high~ voltage drops . For
instance , an inductIye voltage dro~p ’ or i’O.7’ V isf~re,q~u4~ ed to in-
terrupt 108 A through an inductance óf’b .l pH in 1 ps.

The most c ommonly used opening ~witeh is a fus ib le link of
exploding bridgewires or foil-in’ parallel with the load. How-

ever , these opening switches --or fuzes absorb considerable energy
from the system and have been limIt,~ci ,~to

’ \rc ltage gradients of

about 106 V/rn. In addition , the relat ively high resistance
lasting for many microsecon ds prior to opening severely hampers
compresse d magnet ic field generators , which is the usual way of
generating very large pulsed currents.

The ideal opening switch would be a link of very low induc—

tance and negligible resistance whose impedance could be raised

to an unlimited value in a period of less than 1 u s by ári exter—

nal energy source at a prescr ibed- ’ time. Large a~’ea- plane—wave

detonation fronts in high explosives , produced by a technique

developed at Sandia Laboratories , appeared to.’ -have, application

to this problem . We concluded that the most ~rom’Is~ng appi”oach
was to use a glass—lined plasma—filI.ed cavity foi~ the fus ib le -
link and close the cavity with. high explosives. A sec~nd~ry
approach was to drive a foamed—metal link Into the liquid vapor

phase , as predicted by the Chart-D hydrocode , and expand the

liquid—vapor mixture into a ceramic cavity.

Proce dure and Results

We conducted experiments with seven different plasma—filled

cavity configurations. The cavities In Experiments 1—5 were

rectangular parallelpipeds which were , close,d with plane-wave

detonations. In Experlments.6 and 7, c~~ ind~~ c~ l~ cav1ties
’ were
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closed by imploding the glass walls. For the eighth experiment ,
a foamed metal conducting link mounted to ceramic plate was
driven into the liquid—vapor phase with  high explosives and ex-
panded Into a ceramic void. Figures 1—8 depict the setup for
each experiment.

In each plasma experiment , the plasma was created by elec-
trically exploding an array of 0.125 mm diameter tungsten wires

with the electrical circuit shown in Figure 9. Current through

the tungsten wires (Rs) rapidly heats the wires and raises the

resistance of a single wire to about 125 S2/m. This high resis-

tance overdamps the circuit and reduces the current to a ver~r

low level. This period is known as the “pause ” in exploding

wire technology . After a few microseconds , a t ime proport ional
to the voltage gradient in the wire, the tungsten wires begin

conducting along the surface of the wire, producing a plasma
that rapidly expands and fills the cavity. The resistance of

the cavity becomes very low, and the capacitor discharges through

the low resistance to produce the traces shown in Figures 10 ~
through 17. Peak currents In our. experiments were usually about

1.5xl05 A. Detonations were timed so that the cavity walls

began moving inward at about the time of peak current . In a

period of about one to a few microseconds (depending on cavity

dimensions and wall velocity) the cavity would close, hopefully

opening the circuit.

Cavity dimensions, predicted cavity closing times , voltage

drops across the cavity at closing and ultimate voltage drops

are included in Table I. -

Discuss ions

In all experiments with plasma—filled cavities, we recorded

voltage—time traces similar to those in Figures 18a or 18b. Our

interpretat ion of these traces follows :
1. A voltage rise to Point A Is associated with the

reduction in cross section of’ the current—carrying
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cavity . This point corresponds closely to the pre-
dicted t ime of closure of the cavity.

2. At or near closure , competing processes occur. Glass
from the cavity wall mixes with and cools the plasma.

At the same time the plasma/glass mixture is raised

to high temperatures and pressures by the collision

of the glass wa lls , each moving at 2—~ mm/ps. At these

extreme pressures and temperatures materials normally

considered nonconducting become poor to fair conductors ,
allowing the capacitor to continue discharging through

a high resistance . It is significant that in all shots

except No. 2, with wall velocities near L$ mm/~is , trace s

similar to that of Figure 18a were obtained while in

Shot No. 2, with a wall veloc ity of about 2 mm/ps, we
obtained the trace in Figure 18b.

3. Rarefact ion from the outer surface s cools the glass/
plasma system , and the resistance rises (Point B).

~~~. The system final ly finds a path for arc—discharge and
discharges the capacitor (Point C).

Points A, B and C are marked on the volta ge traces in Figures
11—17. ObservatIons from each experiment are included below :

Experiment 1 (Figure 1). No voltage trace was obtained.

The current trace in Figure 10 indicates that restrike occurred

very soon after the detonation front reached the cavity wall

which consisted of a single sheet of window glass. End elec-

trodes were aluminum. When the thin glass wall moved inward

enough to clear the end electrode, restrike through the explo—
sion products could occur . To correct this problem , each . -

cavity wall should be at least one—half of the cavity thickness

and the end electrodes insulated.

Experiment 2 (Figure 2). Each cavity wall was glass >25

mm thick. The driver consisted of a 0.3 m diameter plane wave

generator machined to the cavity dimensions , plus two each

6
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25—mm—thick PBX 9iI O LI charges (Figure 2 ) .  C— LI explosive was
placed around the edge and tapered outward to prevent sharp

discontinuities, As shown in Figure 11, we did interrupt the
current but the extremely thick glass walls  lowered the closing H
velocity and thus lengthened closing time.

Experiment 3 (FIgure 3). In this experiment we used l2.~~-

mm—thick glass walls to decrease cavity closure time . To sira~-

p l i fy  the setup , the cavity was constructed in a phenolic sheet .
Since the exp losive charge extended weLl past the cav ity, we
did not machine the explosive. The voltage trace (Figure 12)

indicates that the voltage increased predictably in time until

cavity closure. At this point, discharge continued through a

high resistance , which may be the phenolic sheet under explosive

pressure .

Experiment LI (Figure LI). Same cavity dimensions as in Ex-

periment 3 but constructed with glass on all sides of the cavity

(replacing the phenolic), and the explosive charge machined to

the cavity dimensions. Results were similar to those obtained

in Experiment 3 up to time of closure .

Experiment 5 (Figure 5). Due to concern over possible ed g’~
effects , the cavity for this experiment was widened from 50 mm
to 200 mm . The cavity was also shortened to 50 mm in order to

• utilize explosive charges on hand. The voltage trace (Figure

1LI) is similar in shape to that of the previous experiment .

Total voltage drop at the knee (Pt. A) is only about two—thirds

that in Experiment LI. Since, however , the widt h was quadruplea
and the length halved it would appear that the conductivity at

closure was reduced. The system is too complex , however , to
formulate rules for conductivity from these limited data.

Experiment 6 (Figure 6). We conducted this experiment and

the next with cylindrical cavities, which have the advantage of

zero edge effect. They suffer from the disadvantages of large

travel distances for large cross sections , and the fact that

.7 
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temperatures and pressures upon closure about a centerline are
far greater than for plane collisions. Explosives are also more
difficult to obtain in hollow cylindrical form than in flat

sheets.

The voltage trace (Figure 15) is dlassic for our interpret-

ation of this event. The voltage drop at the knee was disap—

pointingly low; especially for the small (12—mm ID) cross section
and 100—mm length. The low value, however , is consistent with
the increased temperature and pressure expected for a cylinder

collapsing about the centerline. ‘

Experiment 7 (Figure. 7). The purpose of this experiment

was to obtain the advantages of a cylindrical configuration
without the extreme plasma temperatures due to cylindrical col-
lapse. We placed a porous fr i t ted glass tube filled with sand
on the centerline of the cavity, hypothesizing that the collaps-
ing cavity wall would force the plasma through the tube into the
sand—filled center. This should cool the plasma and open the
circuit .  The cavity wal l then would collapse, not onto itself
at the center, but upon a distended material removed from the
centerline. The high pressure and temperature at collapse then
would be avoided , at least for several microseconds.

The voltage trace (Figure 16) shows that this objective was

partially achieved. Because the pore size in the fritted glass

used for this experiment was too small for the flow rate needed ,
the pressure and temperature in the plasma were high, with a

resulting increase in conductivity. Larger pore size or openings

in the central tube are suggested.

ExperIment 8 (Figure 8). In this experiment we cemented a -
‘

distended aluminum link to an aluminum ceramic plate and placed

the explosive charge on the other side. A Chart D hydrocode

analysis predicted, that the explosive shock wave transmitted

through the ceramic plate would drive the distended aluminum in—
to the liquid—vapor stage. The liquid—vapor phase aluminum,

8 
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still the current—carrying link, then would expand into a ceramic
cavity. The ceramic backup plate, following behind the alum-
inum, should merge with the ceramic cavity and seal off the con-
ducting path.

The current and voltage trace (Figure 17) show that an in-
creased impedance was obtained . We 9ffer no analysis of this

event from the limited data on hand.

Conclusions

We were able to construct low—impedance plasma links in
glass—lined cavities by exploding tungsten filament s in the cav-
ities. These . links provic~e relatively low impedance paths
through which large currents can be carried for long periods of

time. We were ~b1e to close the cavities at times independent
of the current source with high explosives, thereby raising the
impedance of the cavity and causing voltage drops that could be

used for switching very large electric currents. Since the

-
; energy for switching was applied externally, no energy was ab-

sorbed from the circuit for the purpose of opening the switch.

Also , since closure need not be effected until near peak current ,
the output of compressed magnetic field generators is not de—

graded .

Apparently at or near closure, competing processes limit

the voltage drop across the switch. Further work to evaluate

and reduce or control these processes is suggested. Also further

work to evaluate quantitatively the conductivity vs. time of the

switch should be conducted so that switches of other sizes and

configurations can be designed for specific needs.

All plane wave detonations were Initiated with single point
initiated plane wave lenses. These lenses would be Impractical
for large switches. The mesh.,.Inttiatlon process developed at

Sandia Laboratories would be applicable to large switches . Mesh

initiation can also be applied to cylindrical devices.

9
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TABLE I 
• • 

‘
- 

-

CONFIGURATIONS- AND RESULTS - ,, 
.

,

.

Cavity Dimensions Predicted ‘Voltage Drop
Experiment (mm2) 

- - ‘ Closure - - -  (kV )
No. Width Length Thi’ckn~~ s Time (i~s) Clo~ure Ultimate

1 100 150 25 2 Not Recorded

2 100 150 25 
- ~~

- . , ,  LI 22 614

3 50 100 , 25 , , 2 
• 

38 141

It 50 lOU - -25- . 
‘ 

, 
2.. 

- 

33 61

5 200 - - 50 - -25 ‘ . 2 • 

- - 23 ‘ 
‘ l~48

Diameter (trim )- ‘ 
‘ 

• - - • 
. - 

- 

• 

. 
-

Center- - - 
- , ‘; 

‘ 
• , - 

. -

Cavity Tube , Length . 

‘ 

- - ‘ - - - . 
. 

‘

6 12 0 100 1 19 97

7 50 15.8 100 . ‘2 H 21 -
‘ 

- 

17-5

Distended Aluminum Link (mm)
Wid’th Length ‘Thickness

8 75 100 1.5 —— 2~4 2~4

10

••---—------ --- •‘.‘ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~. ,, 
, ,



Tungsten Wires
‘4: 

_____ 

I ________________
~~~~~~~~~~~ w 

-

~~~~~~~ 
- -  •nv  ~~~~~~~~~~~~~~~~~~~

L 
_ _

- 

— - 1 ~.. - —r _

~~~~~~~~~~~~~~~~~~~~ -i
~~

—~• .. .~ 
- : -  - 

_ _

Aluminum Electrodes Glass Cavity Liner

1~— 

_____
~~~~~~~~~~~~~~ 4~~_ _ri~ 

-

Plane-Wave Lenses

Figure 1. Setup Photographs for Experiment No. 1

J

- ‘—~~~~~
- - - -,-— -

~~~~
.--- ~~~‘ -~~~~ ‘- -~~~~~~~~~



‘
~~~~

-‘- --‘•- -—— -

Tungst n . - .~ ,~~~
. Phenolic

Wires insulators

Plane-
—

- 

Wave
L’~ S

Thick
Glass

Figure 2. Setup Photographs for Experiment No . 2

12

— — -•“

~

--•

~

-•- - ‘ - -‘ .. .- •-‘ -‘ -- -~~ -- .‘ --,



r _ _

p

~~~~~ r 

~~~~~ ____ 

— C’avity

~~~~~~~~~~~~

_

Figure 3. Setup Photographs for Experiment No . 3

13

_ _ _ _ _ _ _ _ _ _ _ _ _



--~~-~~ .---•- -—--‘, .--•--—•---- ---~~~~~ 
- ---

~~~~~~~~~~ -— - --- -  - - -“ ---- ---- -- --- ~~~~~ - - - -

—~~~~~~~~
‘---— plane -Wave

Lens

_____ 

~ W~~~~~~~ Direction
of Current

Figure 4. Setup Photograph for Experiment No. 4

1k



-~~~---~~ -—~~—---- — -~~ — ----

~~~~~~~~~~ 

-

~ . Phenolic
~....w~~~Insulators

Tungsten

_

~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~
_  _  

Wires

—
~~~~~~~ Plane-

Wave
Lenses

Figure 5. Setup Photographs for Experiment No. 5

15 



________ — -‘- i~~
_
~~ z’ 

—‘- “
~~~~~~‘ T ~~~~~’~~ 

--—..-.•—-
~~~“,... ‘.-‘--‘-- —.— • -• — ,, 

~~~~~~~~~~~~ — - -,._,__

Glass Tube

Tungsten
Wire

~~~~~~~~~~~~~~~~~~~~~~~~~~
‘

. 

~
‘
~~~~-!~~- 

—J ~~~~~

______ 

C4 Charge

G lass Tube

Figure 6. Setup Photograph s for Experiment No. 6

16



r ~~~~~~~~~~~~~~~~ 

‘
~~~~~~ ‘: ~~~~~~~~~

‘ - - -._
~~~~~~ 

,
~~ ~~~~~~ -—

~0
.4-.
.4-. Cl)

I-i

-

-

- ‘

~~~~~
‘-U 

‘~~~~ - C-

14&~Y~*~- - ,~& • z
~~~~ - - , ‘,k,

~~~~~~~~ ~~h~
’

E
‘ : : - -

~
-“ 

~-~~ : “

a)
t~~~~~ ~~ a)

- 
- - :

~~~~ 
‘..~~~ o — .~~

- ~~~~~~ ~~~~~- ~~~~~~~ •0 () “-4 I-i
- - a) .~ .~~~~~~c6 rI) o

~~~~~~~~~ o~~ 
rj~rJ) o •~ o~~ ~

n ’
~

:: _ i-~i

L II
’
~~~~~ I 

________
~~~ ~

17

.1 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .—‘—-- - ~~~~‘.~~ .- — -- - -.-- - .--— .



t.
_ _ _v~1~H, .

I,i 

k
— 1~~q. 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

(I)

~~~~~~~~ _ 
_  

_ _

_ _  

‘

--

~~~~~~~~~~~~~~~~ r ~~~~~~~~ L~~~~~~~~~
-
~
’
~~~~~~~

~ 1”~0

.
~ ~~~~

;. :
t,  •.

~~~~~~

&. . .. ~~~~~

ir~1

18



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~

------ -- . - -
~~~~~~~~~ ‘-• --- - •-—,~• -- ~ -

0

a,
btj
.4.. C)
0

cP~

H

-

-

cl~ 
.

~

I

1.4
I-

~

r~i

.:1I 
~~~~~~~~

I

\H
0
— _ *~

19

-- - — - ‘ — ‘--.-- --- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- -~~~



r - ‘---- - - ‘ - ‘ —----‘
~~~~

-‘--“— -
~
---

~~~
-----‘-- ‘

~~~~~~~~
‘
~~~~~~~ -— —--• - —---- — .- , - - ‘ • - - - • — —‘ .. -- -“-‘--.-.-‘— .----•-..--- -- .- -.. • •— --‘—--‘-—• ---. .-----.---,•—- --

____ I
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 76 kA - -

f
~~~~~ .~~~~

, , ,

I-

_______ 

50 ps
-1

Figure 10. Current Record for Experiment No . 1

20

- ~~-—~~~~ -- -•- ‘



______________

______

U)_.I__ ~
._..__ 

0

II ~~~~~~~~ I z

I I L a )

A a)
0.

0

Cl)

0
0a)

C1) a)
v~~~g~~69

~~~

I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

a)

U

stl’/V 069

21 

-



‘
~~~±~~

:i— -

~~~~~~~~~

50 ps

1
22 kV —

f ‘~
5 ps

Figure 12. Current and Voltage Records for Experiment No. 3

22



69.2 kA

~~5O j is

-

_____35.4kV

• - ‘ - -~~-

5 J,ls

Figure 13. Current and Voltage Traces for Experimcnt No . 4

23



‘ii

[C)

0

• 

sn 1q

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I

2k



~

A~I O~
4-

II ~~~~~~~~~~~~~~~~~~~

0
z

a)

Cl)
[i4

0

I C.-.

Co
a)
0
aS
1-.

4)

aS

A)~~’~~~

_ _ _  

I_~~~ a),
U

If)
--4

Co

1 Cl)

25



I’

. 1
F -

~~~ 
~io. 8 kA

_____ ~~~~~~~~~~

10 ps

~~~~~~~~~~~~~~~~~~~~ TI
35.4kV

- ~~~~~~~~~~ —~~~~~~~~
•-- 

~~
— 

~
— ‘- —— 

I
5 ps

Figure 16. Current and Voltage Traces for Experiment No. 7

26



sn/V 9L6
4-

IIL

0z
a)

U)4 4)
0.C

U)
4)

If) a)
to
aS

I i
~- l  F 0

V’~19~~~ -~
— ‘a-

E~L

0

•1

a)
$4
1.4

U

L C ) a)

I

27



—

I

_ _  

1

• .2 a,

F .  z
4

Cd

28

L _____________ 

_ _ _ _ _ _ _ _ _



-— fl ~~~~~~ 
~~~‘~~~~‘ irw~~~~~~~~

_ 
- 

~“ 7 ~
DISTR]~~UTION :
AFWL/~YP Capt. D. L. Johnson ~~~5)
2160 / C. B. McCampbell
2165 ! J. H. Gover
2510/ D. H. Anderson
251w J. F ~‘ennedy
25l~ E. A. ijeldgaard
5l3~. P. L. Stanton
5133. L. W. Davison
5l3~. - T. J. Tucker
5133. R. A. Graham
5163 ~D. E. Munson5167 ‘B. M. Butcher /
5200 E. H. Beckner /
5210 .7. B. Gerardo /
5230 M. Cowan
5232 W. Beezhold
5233 M. J. Forrestal
5233 R. I. Butlef (2 5)
5233 E.~~C . Cnarl
5233 B. -W. Dug~~ n
52 140 G. ~onas /
521411 P. A .MiUJer
52145 T. H. Ma/~tin
52115 G. L .N~au
52146 K. iL \PfrestwIch
52146 0. L. ~ohwein
8~4l2 S. G. t~in
9300 W. A. ~á~dner
93140 W. E. ‘Caldes
9350 F. W.JNeilson
9355 F. H.!Mathews
3151 W. L.! Garner (3)
8266 E. A.j  Aas ( 2 )
3171—1 R. P. Campbell (25) for DOE/TIC
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